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Abstract Sulfur is an essential biological element, yet its
biochemistry is only partially understood because there are so
few tools for studying this element in biological systems. X-ray
absorption spectroscopy provides a unique approach to determin-
ing the chemical speciation of sulfur in intact biological samples.
Different biologically relevant sulfur compounds show distinctly
different sulfur K-edge X-ray absorption spectra, and we show
here, as an example, that this allows the deconvolution of the
sulfur species in equine blood.
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1. Introduction
Sulfur has been called a spectroscopically silent element,
and as such there are few in situ measurements of its chemical
forms. 33S-NMR is of little use due to low natural abundance,
and large linewidths with a small nuclear magnetic moment.
Sulfur K-edge X-ray absorption spectroscopy provides a po-
tential tool for determining the chemical forms of sulfur in
intact biological samples. X-ray absorption spectra can be
divided into two constituent parts: the near-edge spectrum
and the extended X-ray absorption ¢ne structure (commonly
known as EXAFS). The near-edge region of the spectrum is
dominated by dipole-allowed (vl = þ 1) bound-state transi-
tions of the 1s electron (for a K-edge) to vacant molecular
orbitals of substantial p-orbital character. The near-edge spec-
trum thus provides a sensitive probe of electronic structure
and hence of chemical form. Sulfur exhibits particularly rich
near-edge spectra, due to the relatively sharp linewidths and
the large chemical shift range (of some 14 eV [1]) over its
range of oxidation states (32 to +6).
Sulfur K-edge X-ray absorption spectroscopy has been suc-
cessfully used to investigate sulfur chemistry in fuels such as
coals and oils [1^7] but to date there have been only a few
applications in the biological sciences [8^13] and in other
¢elds [14]. In the studies of fuels, extensive use of least-squares
¢tting to sums of model compound spectra has been used to
quantitatively speciate the chemical forms of sulfur in the
fuels [4]. In the present work we explore the utility of sulfur
K-edge X-ray absorption spectroscopy as a probe of sulfur
chemistry in intact biological systems, and show that it can,
with appropriate analysis, be used to quantitatively speciate
sulfur metabolites in biological tissues without any chemical
manipulations of the specimen.
2. Materials and methods
Sulfur K-edge X-ray absorption spectra were collected on beamline
6-2 at the Stanford Synchrotron Radiation Laboratory using a Si(111)
double-crystal monochromator and a downstream Ni-coated harmon-
ic rejection mirror. Incident intensity was monitored using a helium-
¢lled ion chamber. Energy resolution was optimized by decreasing the
vertical aperture upstream of the monochromator until no further
sharpening of features of the near-edge spectrum of a sodium thio-
sulfate (Na2S2O3W5H2O) standard were detected (we estimate an ap-
proximate resolution of 0.5 eV). The X-ray £uorescence was moni-
tored using a Stern-Heald-Lytle £uorescent ion chamber detector and
solid model compounds were measured using total electron yield. The
energy scale was calibrated with reference to the lowest energy peak of
the sodium thiosulfate standard which was assumed to be 2469.2 eV
[15]. Residual undulator structure from the 54-pole insertion device
was minimized by moving the aperture vertically to a position just o¡
the peak of maximum intensity. All spectra were recorded at room
temperature, and data were analyzed with the EXAFSPAK suite of
programs [16]. Mixtures were deconvoluted by least squares ¢tting of
the data to sums of reference compound spectra [4].
Blood was collected from horses into tubes containing EDTA to
inhibit clotting. The widely-used anticoagulant heparin was not used
as it contains sulfur. The erythrocytes were allowed to settle, and clear
plasma and packed erythrocytes were collected. Oxidized and reduced
glutathione, and the other model compounds, were obtained from
Sigma or Aldrich Chemical Companies. Clostridium pasteurianum fer-
redoxin was a gift from R.E. Bare, Exxon.
3. Results and discussion
Fig. 1 shows the sulfur K-edge spectra of a series of bio-
logically relevant model compounds. The spectra show a large
chemical shift range with subtle but signi¢cant di¡erences be-
tween similar forms. Near-edge spectra can be conveniently
and quantitatively compared by normalization to the edge-
step (e.g. [5]). Spectra of samples with more than one species
of sulfur present can be simply represented by the sum of
appropriate normalized model spectra weighted by the frac-
tion of sulfur present in each component, and this is the basis
of the curve-¢tting analysis used below. The spectra in Fig. 1
show that, as expected, the energy of the dipole-allowed major
peak of the near-edge spectrum generally increases with for-
mal oxidation state, with a concomitant gain in intensity due
to increased 3p holes. The spectra show considerable richness,
with compounds as similar as methionine and cysteine having
signi¢cantly di¡erent spectra. Deconvolution of the near-edge
spectra (not illustrated) reveals that there are at least two
transitions in the major peak of these compounds, which
are expected to be 1sCc*(S-C) [17] and possibly
1sCZ*(CH2) [18]. These two features have the same separa-
tion (0.88 þ 0.03 eV) and ratio of intensities of higher energy
to lower (0.43 þ 0.10) in cysteine and methionine (7 observa-
tions) but are shifted to 0.2 eV lower energy for cysteine. An
identical energy shift between the major transitions of the
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spectra of methyl sul¢de and methyl thiol has previously been
reported by Dezenard et al. [17]. Interestingly, the intensities
of the edge features of methionine and cysteine are similar,
although very slightly (V2.5%) larger with methionine.
Again, similar intensities have been observed for methyl sul-
¢de and methyl thiol [17]. Cysteine and reduced glutathione
have extremely similar major peaks but show some di¡erences
in the region above 2472 eV. The disul¢des cystine and oxi-
dized glutathione show two clearly resolved peaks, separated
by some 1.5 eV, which have been assigned as 1sCc*(S-S) and
1sCc*(S-C), for the lower and higher energy peaks, respec-
tively [19].
Fig. 2 shows some possible experimental pitfalls. Self-ab-
sorption is a well known problem with soft X-ray near-edge
spectra [20]. It is signi¢cant when there are large changes in
total X-ray absorption coe⁄cient over the range of the spec-
trum, and causes attenuation of peaks in spectra, a phenom-
enon which can be clearly seen in Fig. 2A. Thus, samples that
are either too concentrated or too thick (e.g. solid model
compounds) will have distorted near-edge spectra when meas-
ured with £uorescence detection. Grinding with an inert di-
luent may be e¡ective in minimizing self-absorption for solids
of moderate sulfur content, but in many cases the particle size
that must be obtained is so small that this method becomes
impractical (e.g. 6 1-Wm particles are required for sulfate) and
some other method of detection must be employed in these
cases. Transmission X-ray absorption spectroscopy, which is
generally used for concentrated samples at higher energies, is
challenging at the sulfur K-edge due to the requirement of
very thin samples. Fortunately, electron-yield detection pro-
vides a convenient alternative probe that does not su¡er from
thickness e¡ects, since the path length of the X-ray is always
much greater than that of the emitted electrons. A distortion
to which electron yield is prone, due to sample charging, can
be easily minimized by mixing the sample with a small quan-
tity of graphite to render it more conductive.
Spectra of solid and solution samples are generally quite
di¡erent (e.g. Fig. 2B). In general, the intensity of the major
spectral features are smaller in the solid, probably because
crystal packing forces cause a subtle lowering of symmetry,
with otherwise degenerate orbitals becoming non-degenerate.
All the solids investigated also had structure on the high en-
ergy side of the absorption edge which was not present in
solution. This is expected from the long range order in the
solids, which gives rise to multiple-scattering e¡ects. Thus
solid standard compounds provide inadequate models for
analysis of solutions. In agreement with this, we note that
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Fig. 1. Sulfur K-edge X-ray absorption near-edge spectra of a series
of biologically relevant compounds. All compounds are in aqueous
solution near to pH 7.0, except as noted below. From top to bot-
tom the compounds are: sulfate pH 8.2, cysteic acid, sul¢te, cysteine
sul¢nic acid, methioninesulfoxide, dimethylsulfoniopropionate pH
4.0, methionine, cysteine, oxidized glutathione, solid rhombic sulfur,
and Clostridium pasteurianum ferredoxin. X-ray absorption was
monitored using X-ray £uorescence except for the solid elemental
sulfur, which was measured as total electron yield. In all cases data
were normalized to the height of the edge jump after background
removal.
Fig. 2. Possible experimental pitfalls of sulfur K-edge X-ray absorp-
tion near-edge spectroscopy. Panel A compares spectra of solid cys-
tine recorded using total electron yield (solid line) and X-ray £uo-
rescence (broken line). Damping of the intense features of the
£uorescence spectrum is clearly observed. Panel B compares the
spectra of methionine in aqueous solution at pH 7.0 (solid line),
and as a solid (broken line), recorded using X-ray £uorescence and
total electron yield, respectively.
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the spectra of the amino acids cysteine and methionine in
protein solutions resemble those of aqueous solutions (e.g.
[12]).
Once in solution the spectra are generally dependent on pH
(Fig. 3). While methionine shows only subtle sensitivity, the
ionizable proton of the -SH group in cysteine confers a dra-
matic e¡ect (Fig. 3). Deconvolution of the intermediate spec-
tra by least squares ¢tting using the spectra recorded at pH 6
and 13 gave a pKa of 8.6 þ 0.3, which compares well with the
actual value of 8.33. We note that other ionizable groups in
cysteine have pKa values in the pH range of the titration
shown in Fig. 3 and these may contribute more subtle changes
to the spectrum. The prominent peak of the near-edge of the
cys-S3 species is shifted to lower energy and is less intense
relative to that of the cys-SH spectrum, rather resembling a
sul¢de (e.g. see Fig. 1).
Fig. 4 shows the sulfur K-edge spectra of equine erythro-
cytes and plasma, together with a curve-¢tting analysis. Model
compounds were chosen to be representative of the functional
groups of sulfur which are likely to be present. These were
aliphatic disul¢des, thiols, thioethers and sulfoxides, repre-
sented by oxidized glutathione, cysteine, methionine and me-
thionine sulfoxide, respectively. Inorganic sulfate, clearly in-
dicated by its V2480 eV peak, was also required for adequate
¢ts. Thus, for example, the use of oxidized glutathione as a
disul¢de model does not imply explicit quanti¢cation of that
precise compound in the biological sample, but rather of total
disul¢de present, which would include both oxidized gluta-
thione and protein disul¢des. Additional components such
as sulfonates and sulfones were tested but did not improve
the ¢ts. The best ¢t for the erythrocytes indicated 21.4% di-
sul¢de, 54.4% thiol, 21.3% thioether, 2.1% sulfoxide and 0.8%
sulfate, whereas the best ¢t for the plasma yielded 76.5%
disul¢de, 20.6% thiol, 0% thioether, 0% sulfoxide and 2.9%
sulfate. Accuracies for these numbers are di⁄cult to estimate,
principally because we cannot be certain that we are ¢tting
appropriate model compounds to the biological spectrum.
Precisions estimated from the diagonal elements of the cova-
riance matrix are typically 6 0.1%, and we estimate that ac-
curacies are close to þ 5% of the values quoted. Similar spec-
tra were obtained from a dozen horses, including samples
from animals su¡ering from glutathione peroxidase de¢ciency.
In all cases only subtle di¡erences in the spectra and the
curve-¢tting analyses were observed.
Our results provide striking con¢rmation of the convention-
al wisdom regarding the chemical form of intra- and extra-
cellular sulfur. In general extracellular cysteine is supposed to
be mostly involved in disul¢de bonds (cystine) while the re-
verse is supposed to be true inside the cell. In plasma we
anticipate a considerable protein disul¢de component, as crys-
talline horse serum albumin contains some 34 cystine disul¢de
sulfur atoms, with only one cysteine and no methionine resi-
dues [21].
While this paper was in preparation a paper by Klein and
co-workers appeared addressing the same topic as the present
work, and examining human blood [22]. They used a cryostat
that maintained their samples at 140 K, which may have the
advantage of minimizing radiation damage. Unfortunately
their data seem to su¡er from some of the experimental pit-
falls discussed above, and they did not note the di¡erences
between the spectra of cysteine and methionine (shown in Fig.
1). In addition, they ¢t the spectra of blood with combina-
tions of the spectra of solid rather than solution model com-
pounds, and only ¢t a very limited part of the data. As we
show in Fig. 2, the spectra of solid model compounds are
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Fig. 3. Variation of the sulfur K-edge X-ray absorption near-edge
spectrum of cysteine with pH. The spectra shown were collected by
monitoring X-ray £uorescence of solution samples with pH values
of 7.0, 7.9, 9.5 and 13.0. The inset shows a pKa determination based
on the near-edge data as discussed in the text.
Fig. 4. Analysis of the chemical forms of sulfur in packed erythro-
cytes (A) and plasma (B) from horse blood. Spectra were ¢t to the
sum of the spectra of ¢ve model compounds, all in aqueous solution
at pH 7.0, representing the di¡erent chemical forms that are likely
to be present, as discussed in the text: oxidized glutathione (a), cys-
teine (b), methionine (c), methionine sulfoxide (d), and sulfate (e).
The points show the experimental data and the overlaid solid line
the results of the ¢t, with the residual shown beneath. The individu-
al components shown as broken lines have been scaled according to
their fractions in the ¢ts.
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quite di¡erent from the spectra of the same compound in
solution, and the quantitative aspects of their work may be
somewhat suspect. Nevertheless, we concur that sulfur X-ray
absorption spectroscopy will become a very useful tool for
studying biological systems, as it continues to be for studying
fuels and for other systems.
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